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A B S T R A C T
Doped ceria deposits have been prepared on 3D-printed polyamide-12 components starting from inkjet-com-
patible solutions in an attempt to functionalize the surface of the plastic part, followed by a low temperature
decomposition process at 160 °C in air. The non-continuous deposits were characterized by simultaneous ther-
mogravimetric analysis, differential scanning calorimetry and evolved gas analysis, X-ray diffraction, X-ray
photoelectron spectroscopy, scanning electron microscopy with energy dispersive X-ray spectroscopy, trans-
mission electron microscopy and electron diffraction. After thermal treatment, the deposits are still clearly
visible at the surface of the polymer. However, no crystallinity of the ceria is observed, in contrast to identical
low temperature processing on inert substrates such as glass where nanoparticle ceria aggregates were produced.
This is tentatively explained by the chemically-reducing character of the polyamide, and in particular to CO and
hydrocarbon gases released during the heating process, which would continuously induce the reduction of Ce4+
to Ce3+ at the low temperature of 160 °C, influencing the non-detection of crystalline ceria.
1. Introduction
CeO2 is a well-known multipurpose functional oxide applied in 3-
way catalysts, oxygen conductor for solid-oxide fuel cells [1], gas sen-
sors [2], UV-protecting coatings [3,4], anticorrosion in metals [5],
abrasive in mechano-chemical polishing [6], new homogeneous-like
heterogeneous catalysts [7] or as buffer layer for heteroepitaxial ar-
quitectures [8]. Furthermore, doping with other metals such as Gd, Sm,
Zr, etc. is a common strategy to increase oxygen mobility [9].
On the other hand, 3D printing of plastic components is envisioned
as an effective manufacturing technique able to reduce logistic and
stock management deriving in a net cost reduction in the sector of spare
parts, for instance. Many advancements have been seen in the last years
in the different technical methods available. Among these, the Multi Jet
Fusion (MJF) process developed is outstanding by its increased speed
and accuracy [10,11].
In addition, procedures for cost-effective surface modification of 3D-
printed parts is being explored for increasing performance, aesthetic
appearance or functionalization. In particular, deposition of functional
oxides such as ceria seems therefore interesting for water applications
because water decontamination can be achieved [12,13]. However, the
relatively high temperatures and long annealing times required to
consolidate oxides compared to typical technical polymers with low
glass-transition temperatures render this as a difficult task. Related to
this, the current trend to overcome this difficulty is the use of other
techniques for fast sintering, such as photonic curing or microwave
radiation [14].
Alternatively, a low temperature process starting from inks has been
put forward by Roura et al. [15] which is compatible with the use of
thermally-labile substrates, where full decomposition of ceria meta-
lorganic salts was demonstrated at temperatures as low as 160 °C. This
approach is also amenable to inkjet printing, a digital manufacturing
process when ink formulation is adapted.
Making use of this advancement, we study the deposition of ceria on
3D-printed polyamide in this work, which can be considered as a
complex technical substrate which poses new challenges. Ceria deposits
from precursor metalorganic inks compatible with inkjet printing have
been prepared following low temperature processing for effecting the
metalorganic decomposition. Characterization tools such as X-ray dif-
fraction (XRD), scanning electron microscopy with energy dispersive X-
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T
ray spectroscopy (SEM/EDX), X-ray photoelectron spectroscopy (XPS),
transmission electron microscopy (TEM) and electron diffraction have
been employed to gain insight into the produced materials.
2. Experimental details
2.1. Preparation of the precursor ink
A precursor ink for Zr-doped ceria with chemical formula
Ce0.9Zr0.1O2-x (CZO) was prepared by weighting stoichiometric
amounts of zirconium pentadionate or Zr(CH3COCHCOCH3)4 (Sigma-
Aldrich, 99.9%) and cerium (III) acetylacetonate hydrate or Ce
(CH3COCHCOCH3)3·xH2O (Alfa Aesar, 99.9%). They have been dis-
solved in propionic acid (Sigma-Aldrich, 99.5%) and 1-butanol (Sigma-
Aldrich, 99.8%). A 5% v/v of diethanolamine (Sigma-Aldrich) was also
added. After stirring, the mixture was passed through a 0.2-μm filter.
The total metal concentration of the final yellowish solution was
0.25M.
2.2. Substrates
Thermoplastic polyamide-12 with formula [(CH2)11CONH]n (PA12
for short) is the main constituent of the 3D-printed parts by the MJF
process. Flat substrates are prepared from polished 3D-printed pieces
cut parallel to the XY printing layer, which are afterwards gently po-
lished to avoid damage to the polymer. Inert (100)-oriented LaAlO3
(LAO) polished single crystals were used for the thermogravimetric and
differential thermal analysis (TGA/DSC) of the precursor ink. Also, flat
glass slides were employed for obtaining larger amounts of powders by
drop casting.
2.3. Deposition
The CZO ink is then deposited on the PA12 substrates by spin-
coating at 6000 rpm and an acceleration time of 2 s with an estimated
thickness of 20 nm. The samples were further subjected to heating in a
furnace with forced air circulation at different temperatures of 160 and
175 °C at different times up to 6 days. Around 1ml of CZO ink was also
poured on watch glasses and thermally treated for comparison pur-
poses.
2.4. Characterization tools
The morphology of the films after growth was checked by optical
microscopy. Capillary XRD patterns have been acquired with a Bruker
D8 A25 equipment with Mo-Kα radiation (λ =0.71073 Å) while an-
other Bruker D8 in General Area Detector Diffraction System config-
uration (GADDS) with Cu-Kα (λ=1.5418 Å) was used for the coatings.
XPS measurements were performed at room temperature with a
SPECS PHOIBOS 150 hemispherical analyzer (SPECS GmbH, Berlin,
Germany) in a base pressure of 5·10−8 Pa using monochromatic Al Kα
radiation (1486.74 eV) as excitation source with a pass energy of 10 eV
and step size of 0.05 eV for the high resolution spectra and 30 eV and
1 eV, respectively, for the survey spectra. To compensate charging ef-
fects a flood gun was used and all spectra were calibrated with respect
to the C1s peak at 284.9 eV.
SEM of the deposited surfaces was carried out with a high resolution
FEI Quanta 200 FEG system. Chemical analysis of the samples has been
investigated by EDX coupled to the SEM at 20 kV and 6.57·10−4 Pa.
Simultaneous TGA/DSC were performed with a TGA/DSC1 ther-
mobalance from Mettler Toledo. Since it has been stated than films tend
to decompose differently than powders [16,17], experiments have been
performed directly on films. No pans were used; substrates were placed
directly on the pan holder. A flow of 40ml/min of synthetic air was set
inside the thermobalance. TGA/DSC measurements were corrected by
subtracting an experiment performed under identical conditions but
with no sample to compensate the buoyancy as well as systematic de-
viations of the apparatus. Simultaneous Fourier-transform infrared (FT-
IR) evolved gas analysis (EGA) was performed with a Bruker model
ALPHA spectrometer coupled to a gas cell (Transmission model); a steel
tube kept at 200 °C was used to connect the thermobalance to the gas
cell. Since the sensibility of TA measurements depends on the sample
mass TGA/DSC experiments have been done in 1.6 mg samples that
correspond to a final CZO film of 1 μm, TGA/DSC/EGA have been
performed on 16mg mass films that results in 10 μm CZO films. Note
that the actual thicknesses of the CZO films are around 50 nm; i.e., films
analyzed by TGA are much thicker.
Ex-situ IR of solid samples were collected using an attenuated total
reflection (ATR) module (model Platinum ATR) connected to the same
ALPHA spectrometer from Bruker. The spectra have been acquired both
on PA12 substrates and on LAO as a model system.
A JEOL 1210 microscope operating at 120 kV was used for the TEM
and electron diffraction analysis. The specimen for electron microscopy
was prepared depositing the powders on a carbon coated film supported
on a copper grid.
3. Results and discussion
3.1. Characterization of the as-received PA12 substrates
An optical image of the 3D-printed PA12 substrate is shown in





Fig. 1. a) 3D-printed PA12 substrate as observed by a) optical microscopy and
b) SEM.
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observed in the polymer [11] together with scratches due to the pol-
ishing that are difficult to remove completely. A tilted SEM micrograph
of the PA12 can be found in Fig. 1b, in which the morphology of the 3D-
printed surface can be distinguished, consisting of sintered PA12
granules.
Separate TGA/DSC analysis of both the substrate and the ink were
then undertaken to investigate compatible thermal treatments that
could lead to thermal decomposition while retaining the mechanical
stability of the polymeric substrate.
The TGA/DSC curves for the PA12 are shown in Fig. 2a. The plastic
substrate starts to slightly decompose from 100 °C. From 300 °C ap-
proximately, the polymer severely decomposes in at least two steps
happening at intervals of 300–350 °C and 350–390 °C approx.
The simultaneous DSC curve first presents an endothermic peak
starting at 169 °C and ending at 196 °C accounting for the melting of the
polymer. In fact, experimental observation of the deformation of the
pieces treated above 180 °C would be a consequence of such melting.
After that, three exothermic decomposition events centered at 350 °C,
387 °C and above 400 °C appear which are attributed to oxidative
processes.
This is consistent with thermogravimetric studies reported in the
literature for polyamide [18–20]. H2O was demonstrated to be the main
gas being evolved at temperatures around 100 °C, with release of
secondary gases such as CO2, residual solvents such as ethanol, CO and
hydrocarbons. The simultaneous formation of CO and hydrocarbons
have been proposed to originate from internal cleavage of amide groups
[18]. Above 300 °C approximately, the organic backbone is severely
scissioned in an oxidative degradation process in air [19].
On the other hand, the precursor ink was also analyzed on the inert
substrate LAO, as can be seen in Fig. 2 b. Basically, the decomposition
to CZO takes place in two steps. First, between 100 and 250 °C and then
between 250 and 375 °C, ending up at constant weight with the residue
consisting of zirconium-doped cerium oxide. Note that in solid-gas re-
actions, the reaction rate is frequently limited by the diffusion of one of
the volatiles species, thus, the thinner the film the faster the decom-
position. In Fig. 2b we have plotted the evolution of two films deposited
in a 10× 10mm2 LAO substrate with different masses; the 16mg mass
film is ten times thicker than the 1.6 mg film. One can verify that the
first decomposition stage for the thin film is complete at 125 °C, i.e.,
more than 100 °C below the thicker film. CZO films are actually much
thinner, therefore they may decompose at temperatures significantly
lower than those observed in Fig. 2.b, as it has already been stated in
the decomposition of cerium propionate [15]. Simultaneous EGA has
been performed to identify the evolved volatiles. The evolution of these
volatiles is shown in Fig. 3. Propionic acid is released, reaching a
maximum at 271 °C. This is in accordance to the fact that propionic acid
is the main product of decomposition of metal propionates in air
whereas at higher temperatures radicalary reactions result in the for-
mation of 3-pentanone [21]. Finally, at higher temperatures, around
350 °C, the oxidation of the organic fragments is related to the in-
creasing amounts of CO2 and CO.
In Fig. 4a, FT-IR spectra of as-deposited film on PA12 and after
heating at 10 K/min up to 160 °C in air in the TGA/DSC apparatus are
compared. The large difference is clear in the region below 2000 cm−1.
To ascertain the chemical nature of the coating after the heating, its
spectrum is compared with sodium propionate [22], which is shown in
Fig. 4b. The matching between both spectra can be clearly seen, re-
vealing that cerium propionate is the main product after the heating on
PA12.
The following step was to investigate if FT-IR could be used for
tracking the decomposition of the precursor on polyamide. In Fig. 5, the
FT-IR spectra of three different ceria deposits at varying temperature
programs are presented: a) Heating to 160 °C at 10 °C/min, heating to
175 °C at 5 °C/min and keeping at 160 °C for 24 h, all of them in air. The
first two treatments were performed in the TGA/DSC apparatus and
correspond to films of thickness 1 and 2 μm, respectively, while the
Fig. 2. a) TGA/DSC plot for the pristine PA12 at 10 °C/min in synthetic air,
showing an onset temperature for melting of 169 °C. b) TGA of the CZO pre-
cursor ink deposited on 10× 10mm2 LAO at 10 °C/min in synthetic air. Two
different films are tested: a very thick film (16mg) and a ten times thinner film
(1.6 mg).
Fig. 3. In-situ EGA of the TGA shown in Fig. 2.b (16mg film); evolution of the
absorbance peak intensity of characteristic frequencies of the observed vola-
tiles: 2360 cm−1 (CO2), 2188 cm−1 (CO), 1793 cm−1 (propionic acid) and
1732 cm−1 (3-pentanone). For the sake of comparison, the mass loss rate,
−dm/dt, is included and the absorbance of CO2 has been divided by a factor 8.
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latter corresponds to a film kept in a muffle and is about 50-nm thick.
As expected, the deposit at 175 °C has a reduced signal compared to
160 °C, both due to higher temperature and slow ramp. Secondly, the
deposit kept at 160 °C for 24 h shows the most reduced signal, in-
dicating that a large portion of the cerium propionate has indeed de-
composed. Note that, as expected, the decomposition is significantly
enhanced in the case of the thinner film. As a result, decomposition of
the cerium propionate is demonstrated on the PA12 substrate.
Once the mechanism of the ink decomposition is known, a test of
decomposition at 160 °C for a long time of 6 days in air is undertaken on
an inert substrate of glass to confirm if such a low temperature de-
composition renders ceria and behaves similarly to the formulation
described in [15]. XRD is shown in Fig. 6 where all reflections can be
correctly assigned to the fluorite lattice of CeO2. The large breadth is an
indication of the nanocrystalline size of the powders obtained at the low
temperature of 160 °C.
To further check the presence of ceria, TEM was then performed,
which is shown in Fig. 7. Large aggregates of nanoparticles are ob-
served. When analyzed by electron diffraction, it gives almost con-
tinuous rings attributable to the diffraction of cubic ceria, in agreementFig. 4. a) FT-IR spectra of ceria deposit on PA12 before and after the decom-
position at 10 °C/min from ambient temperature up to 160 °C under a flowof
40ml/min in synthetic air. b) Identification of the coating on PA12 by FT-IR
after heating up to 160 °C in synthetic air by comparing it with sodium pro-
pionate.
Fig. 5. FT-IR (ATR) of coated polyamide substrates heated in air at 160 °C and
175 °C at 10 and 5 °C/min, respectively, and kept at 160 °C for 24 h.
Fig. 6. XRD of powders obtained on glass by a thermal treatment at 160 °C for
6 days.
Fig. 7. TEM image and of powders on glass at 160 °C for 6 days. Indexed
electron diffraction can be found in the insert.
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with powder diffraction in Fig. 6. Thus, formation of ceria from the
precursor ink is confirmed at the low temperature of 160 °C.
3.2. Deposition on PA12
After deposition by spin-coating with the ceria precursor ink and
heating the coated piece of PA12 at 160 °C for a long period of 6 days,
the morphology of the deposit is shown in Fig. 8. The ceria can be
clearly identified as the blue and yellow areas on the greyish PA12
surface. Thus, the ink does not wet the surface continuously but it
suffers dewetting at some point after the supply of the ink. If it were a
continuous layer, a thickness around 50 nm is estimated from the
spinning conditions. Obviously, the dewetting makes the deposit
thicker in the ceria regions and consequently, thickness can be larger. In
fact, cracks are seen in the ceria areas likely because it exceeds critical
thickness for crack-free layers, usually less than 1 μm, depending on a
number of different parameters, such as the substrate, heating ramp or
atmosphere [23].
In order to further confirm that cerium remained at the surface of
the PA12, EDX was employed (Fig. 9) in which emission peaks from
cerium are clearly observable.
To gain insight into the oxidation state of the deposits, XPS was
performed on this sample. The corresponding spectrum is plotted in
Fig. 10, where two peaks at 883 and 902 eV are prominent. Note that
the u´´´ peak from Ce4+ at around 915 eV is practically absent in our
case. According to Zhang et al. [24], this result would be consistent
with a thin layer of less of 10 nm typically of mostly Ce2O3, i.e. prac-
tically all cerium is in the Ce(III) oxidation state, although care should
be taken that excessive reduction in the XPS chamber might take place.
On the other hand, no evidence for ceria crystallinity could be
identified by XRD (Fig. 11). Only an increase of the reflections corre-
sponding to the γ phase of polyamide 12 [25] is registered owing to
progressive crystallization of the polymer at 160 °C. Therefore, the lack
of crystalline ceria indicates a very different behaviour with respect to
inert substrates such as glass, where CeO2 nanoparticles were clearly
observed by different techniques despite that long times were studied to
allow for a potential better crystallization of the ceria nanoparticles.
One hypothesis to explain these experimental facts would be to
conclude that polyamide cannot be considered as an inert substrate
even at these low temperatures, as happens with glass or ceramic
substrates. As commented above, polyamide slowly decomposes from
100 °C to produce CO and hydrocarbons. These reducing gases could
react with the Zr-doped cerium (IV) oxide to reduce it to Ce(III) oxide
because both components are in close proximity. In fact, engineered
ceria nanoparticles have shown catalytic behavior of this type at tem-
peratures between 100 and 150 °C compared to 250 °C for the bulk
phase [26]. Obviously, in an oxidizing atmosphere like air there is
Fig. 8. Optical microscope image of deposit on PA12, treated at 160 °C for
6 days. Yellow and blue parts correspond to the ceria. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)
Fig. 9. EDX analysis of a selected area of the coated substrate of PA after thermal treatment at 160 °C/12 h showing signal from Ce.
Fig. 10. XPS spectrum of sample treated at 160 °C for 6 days.
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competition with oxygen gas for the oxidation of those gases at the
surface level of the polyamide and, as a result, the actual redox scenario
could be more complex. The fact that there is zirconium doping in our
case could even enhance the catalytic performance as in [27].
Similar behavior as those reported in this work can be found in
Shang et al.'s work [28] in which a metalorganic salt was introduced in
a monomeric solution leading to a bulk polyimide/CeO2 nanocomposite
after polymerization at 300 °C. However, in their case the CeO2 nano-
particles were inside the polymer and not at the surface. As in our case,
X-ray diffraction and FT-IR were ineffective to show the crystallinity of
ceria nanoparticles, being XPS the only technique successful in the
identification of cerium.
4. Conclusions
An inkjet-compatible cerium (III) metalorganic solution was de-
posited on 3D-printed polyamide-12 flat substrates and heat treated at
the low temperature of 160 °C for different annealing times in order to
preserve the base polymer as much as possible and attempting to form a
functional ceria deposit at the same time. On all substrates studied, the
ink transforms to cerium propionate which is decomposed progressively
upon further heating. Although the ink was demonstrated to un-
ambiguously convert to aggregates of CeO2 nanoparticles on glass, si-
milar processing on the polyamide did not show evidences for crystal-
linity, being clearly detected by optical microscopy, XPS and EDX.
Thus, the polyamide is concluded to be interacting with the coating,
likely through the trace decomposition gases such as CO and hydro-
carbons from the polymer below even at this low temperature.
More sophisticated characterization is thus required to identify the
structure of the obtained cerium oxide like high-resolution TEM from
focused-ion-beam-cut lamellae or high intensity microdiffraction of the
coated areas.
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